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Colonization of overlaying water by bacteria from dry
river sediments
Abstract
We studied the diversity, community composition and activity of the primary microbial colonizers of the
water above freshly re-wetted sediments from a temporary river. Dried sediments, collected from
Mulargia River (Sardinia, Italy), were covered with sterile freshwater in triplicate microcosms, and
changes of the planktonic microbial assemblage were monitored over a 48 h period. During the first 9 h
bacterial abundance was low (1.5 x 10(4) cells ml(-1)); it increased to 3.4 x 10(6) cells ml(-1) after 28 h
and did not change thereafter. Approximately 20% of bacteria exhibited DNA de novo synthesis already
after 9 h of incubation. Changes of the ratios of (3)H-leucine to (3)H-thymidine incorporation rates
indicated a shift of growth patterns during the experiment. Extracellular enzyme activity showed a
maximum at 48 h with aminopeptidase activity (430.8 +/- 22.6 nmol MCA l(-1) h(-1)) significantly
higher than alkaline phosphatase (98.6 +/- 4.3 nmol MUF l(-1) h(-1)). The primary microbial colonizers
of the overlaying water - as determined by 16S rRNA gene sequence analysis - were related to at least
six different phylogenetic lineages of Bacilli and to Alphaproteobacteria (Brevundimonas spp. and
Caulobacter spp.). Large bacterial cells affiliated to one clade of Bacillus sp. were rare in the dried
sediments, but constituted the majority of the planktonic microbial assemblage and of cells with
detectable DNA-synthesis until 28 h after re-wetting. Their community contribution decreased in
parallel with a rise of flagellated and ciliated protists. Estimates based on cell production rates suggested
that the rapidly enriched Bacillus sp. suffered disproportionally high loss rates from selective predation,
thus favouring the establishment of a more heterogenic assemblage of microbes (consisting of
Proteobacteria, Actinobacteria and Cytophaga-Flavobacteria). Our results suggest that the primary
microbial colonizers of the water above dried sediments are passively released into the plankton and that
their high growth potential is counteracted by the activity of bacterivorous protists.
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Abstract 1
We studied the diversity, community composition and activity of the primary microbial 2
colonizers of the water above freshly rewetted sediments from a temporary river. Dried sediments, 3
collected from Mulargia River (Sardinia, Italy), were covered with sterile freshwater in triplicate 4
microcosms, and changes of the planktonic microbial assemblage were monitored over a 48 h 5
period. During the first 9 h bacterial abundance was low (1.5 x 104 cells ml-1); it increased to 3.4 x 6
106 cells ml-1 after 28 h and did not change thereafter. Approximately 20% of bacteria exhibited 7
DNA de novo synthesis already after 9 h of incubation. Changes of the ratios of 3H-leucine to 3H-8
thymidine incorporation rates indicated a shift of growth patterns during the experiment. 9
Extracellular enzyme activity showed a maximum at 48 h with aminopeptidase activity (430.8 ± 10
22.6 nmol MCA l-1 h-1) significantly higher than alkaline phosphatase (98.6 ± 4.3 nmol MUF l-1 h-1). 11
The primary microbial colonizers of the overlaying water -as determined by 16S rRNA gene 12
sequence analysis- were related to at least six different phylogenetic lineages of Bacilli and to 13
alpha-Proteobacteria (Brevundimonas spp. and Caulobacter spp.). Large bacterial cells affiliated to 14
one clade of Bacillus sp. were rare in the dried sediments, but constituted the majority of the 15
planktonic microbial assemblage and of cells with detectable DNA-synthesis until 28 h after 16
rewetting. Their community contribution decreased in parallel with a rise of flagellated and ciliated 17
protists. Estimates based on cell production rates suggested that the rapidly enriched Bacillus sp. 18
suffered disproportionally high loss rates from selective predation, thus favouring the establishment 19
of a more heterogenic assemblage of microbes (consisting of Proteobacteria, Actinobacteria and 20
Cytophaga-Flavobacteria). Our results suggest that the primary microbial colonizers of the water 21
above dried sediments are passively released into the plankton and that their high growth potential 22
is counteracted by the activity of bacterivorous protists. 23
24 
Freshwater sediments, bacterial colonization, temporary rivers, Bacilli.25
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Introduction 1
Floods and droughts are the major forms of natural disturbance in flowing waters (Lake et al.,2
2000); in the Mediterranean Region extended reaches of rivers become completely dry during 3
summer period. Since global climate change is predicted to increase the frequency and severity of 4
extreme events such flood or drought (e.g. Overpeck and Cole, 2006), there is growing interest in 5
investigating how riverine ecological processes are influenced by the drastic changes in water flow. 6
Droughts reduce habitat and fragment the continuity of running water systems. Drought may 7
therefore exert dramatic and lasting effects on sediment biota, both directly and by altering 8
interactive linkages (Lake et al., 2000). 9
In general, recovery from drought by invertebrates and fish of ephemeral streams or stream 10
sections may occur by movement from subsurface refugia, reactivation of drought-resistant stages, 11
upstream and downstream migration, and aerial recolonization (Lake, 2000). Succession of taxa that 12
are able to colonize following resumption of flow have been described (e.g. Fritz and Dodds, 2004). 13
The abundance levels return more rapidly than levels of species richness in recovery from drought 14
(Lake, 2000).  15
Although the recovery of aquatic macro-organisms (e.g. macroinvertebrates) has been relatively 16
well studied, those of the microbial compartment have been largely neglected. Water limitation 17
imposes physiological constraints that a restricted number of microorganisms can tolerate (Potts, 18
1994) and drought could represent an important selective force. For example, gram-positive bacteria 19
are thought to be more inherently resistant to drying/rewetting events than gram-negative (Schimel 20
et al., 2007). Moreover, bacteria that experience drought periods are forced to shift resource 21
allocation (Schimel et al., 2007) and often enter into the stationary growth phase, where cells 22
become smaller and almost spherical (Siegle and Kolter, 1992). In contrast, the more desiccation-23
tolerant bacteria adopt various survival strategies, either through a variety of physiological 24
mechanisms (intracellular accumulation of carbohydrates, proteins, or fatty acids; secretion of 25
polysaccharides and formation of biofilms ) or by dormancy and sporulation (Bär et al., 2002).  26
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Investigations into the response of the microbial assemblages in soils and river bed sediment to 1
drying-rewetting cycles have shown that water availability may directly affect the physiological 2
state of microbes (Fierer et al., 2003; Rees et al., 2006; Amalfitano et al., 2007; Fazi et al., 2007). 3
In particular, some studies have focused on the changes of microbial activity and community 4
composition in response to soil rewetting (Fierer and Schimel, 2002, 2003; Miller et al., 2005). For 5
example, currently there is no information about the transport of microbes from dry river bed 6
sediments to the water column after a rewetting event and the subsequent successions within such 7
newly formed planktonic microbial assemblages. Considering the high carbon production and 8
growth efficiency of aquatic bacteria, it is conceivable that such readily released benthic bacteria 9
might play a crucial role in the rapid exploitation of the substrates and nutrients that are made 10
available by rewetting, and thus in the re-establishment of the newly forming planktonic microbial 11
food webs.  12
Several field and laboratory studies have focused on the passive transport of attached bacteria 13
into subsurface waters (e.g. Griebler et al., 2002), i.e. on the attachment of bacteria to solid matrices 14
and the significance of their adhesion properties in their movement through porous media (e.g. 15
DeFlaun et al., 1999). Moreover, several models on bacterial transport in porous media (and more 16
in general on colloids) have been presented (Campbell Rehman et al., 1999; Kim, 2006). Bacterial 17
release into and transport in aquifers is determined by advection/dispersion processes, by 18
attachment/detachment to the solid matrix, and thus ultimately by the growth phase, taxonomic 19
affiliation and cell shape of bacteria. For example, a reduced cell size due to starvation may allow 20
better bacterial penetration of a fine-grained porous matrix (Camper et al., 1993). On the other 21
hand, starvation can increase the stickiness of their cell walls improving the chance of adhesion to a 22
surface (Williams and Fletcher, 1996). In addition, changes in soil mineralogy may also influence 23
which cells and how fast they are transported (Campbell Rehman et al., 1999).  24
It has been reported that the adsorption of microorganisms to soil is reversible and that some 25
adsorbed microorganisms may readily detach from surfaces of soil particles and desorb in water 26
(Abu-Ashour et al., 1994). Analysing the transport of bacteria at the soil surface, Abu-Ashour and 27
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Lee (2000) concluded that rainfall is a major factor affecting vertical and horizontal movement of 1
bacteria in soil. Moreover, the authors argued that runoff could pose a serious threat to the quality 2
of down-stream areas if pathogenic bacteria are present. At our best knowledge, no studies have 3
addressed the release and subsequent fate of microbial cells from dried river sediments to the above 4
water column during rewetting, as is for example observed in temporary rivers as a consequence of 5
heavy rainfalls.  6
In order to better understand the role of temporary rivers sediments as a source of microbial 7
populations to the “first-flush” water during inundation events, we simulated the rewetting of dried 8
sediments in laboratory microcosms and analyzed the community composition and activity of 9
benthic bacterial colonizers of the water column. Specifically, we studied if bacterial groups that 10
were passively released into the water from the sediments were also the primary colonizers of this 11
habitat, and we investigated their subsequent role and fate during the re-establishment of a more 12
complex microbial food web.  13
14 
Results  15
DOC, dynamics of prokaryotes and grazers  16
Background DOC concentration in the initial artificial water was 21 µM, which is at the lower 17
detection limit of the method. It reached a concentration of 340 ± 14 µM (overall average) right 18
after water came in contact with dry sediment.  19
In the water of the sterilized control microcosm it was possible to detect 1.4 x 104 ± 0.24 x 10420 
DAPI-stained objects (presumably heat-killed cells) per ml at the beginning of the experiment, and 21
this number remained constant (overall range 1.1 x 104 - 1.6 x 104 cells ml-1) within 48 h. A similar 22
initial number of cells was found in the experimental microcosms at the beginning of the 23
incubations (1.5 x 104 ± 0.8 x 104 cells ml-1) (Fig. 1). No significant differences were observed 24
between the sterilized control and the experimental microcosms at 6 h and 9 h (t test; p > 0.05).  25
After a lag phase of at least 9 h following the rewetting, the cell numbers of prokaryotes increased 26
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to 3.4 x 106 ± 0.16 x 106 cells ml-1 at 28 h and remained constant thereafter, showing significant 1
differences to the sterilized control microcosm (t test; p < 0.05). Ciliates and flagellates were not 2
detectable within the first nine hours; after 28 h of incubation they reached abundances of 110 ± 34 3
cells ml-1 and 220 ± 88 cells ml-1, respectively. Thereafter, ciliates showed an abundance of 170 ± 4
40 cells ml-1 at 48 h (slightly decreasing to 87 ± 11 cells ml-1 at 72 h) while flagellates increased to 5
1100 ± 140 cells ml-1 at 48 h (up to 5000 ± 380 cells ml-1 at 72 h) (Fig. 1). 6
7
Bacterial extracellular enzyme activity (EEA) and carbon production 8
Overall aminopeptidase activity (range 291.8 ± 17.1 - 430.8 ± 22.6 nmol MCA l-1 h-1) was 9
significantly higher (t test, p < 0.05) than of alkaline phosphatase (range 82.7 ± 5.3 - 98.6 ± 4.3 10
nmol MUF l-1 h-1). Immediately after the addition of water to the microcosms, bacterial EEAs were 11
not significantly different (t test, p > 0.05) from those observed in the sterilized control. AMA 12
activity steady increased in time (Fig. 2 a), reaching at 28 h about 70% of the values registered at 48 13
h (430.7 ± 22.6 nmol MCA l-1 h-1). APA activity showed a similar trend with a prompt reactivation 14
at 28 h (83% of the maximum activity) and a peak at 48 h (98.6 ± 4.3 nmol MUF l-1 h-1).  15
Bacterial carbon production rates estimated by 3H-Leu incorporation (i.e. protein synthesis; 16
overall average 1937.6 ± 104.5 pmol l-1 h-1) were distinctly higher than rates estimated via 3H-TdR 17
incorporation (i.e. DNA replication; overall average 35.7 ± 13.7 pmol l-1 h-1). 3H-Leu incorporation 18
rates reached a maximum already after 28 h from sediment rewetting and were almost constant 19
thereafter (Fig. 2 b, left axis). 3H-TdR incorporation reached a maximum at 48 h, and the estimated 20
cell production rate increased over time from 3.7 x 107 ± 0.44 x 107 cells l-1 h-1 (28 h) to 9.4 x 107 ±21
1.40 x 107 cells l-1 h-1 (48 h) (Fig. 2 b, right axis).  22
The AMA to APA ratio increased over time from 3.5 at 28 h to 4.4 at 48 h (up to 5.0 at 72 h). 23
while the ratio between microbial carbon and cell production indicated a decreasing amount of C 24
per newly produced cell, from 12.7 fmol C cell-1 (28 h) to 6.3 fmol C cell-1 (48 h) (Fig. 2 c). 25
26 
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Analysis of 16S rRNA gene sequences 1
Altogether 65 16S rRNA gene sequences were retrieved from 28 h and 48 h clone libraries. 2
Phylogenetic analysis showed that our sequences belonged to at least five major phylogenetic 3
groups: Bacilli, alpha- and gamma-Proteobacteria, Cytophaga-Flavobacteria and Actinobacteria.4
In both libraries, sequences related to Bacilli (Firmicutes) formed the largest and most diverse 5
group (53 in total; 81.5% of all sequences) with organisms from at least six phylogenetically 6
distinct lineages. The most frequently recovered sequence types were members of the genus 7
Bacillus (39 in total; 60.0% of all sequence types) and Planococcus (8 in total; 12.3% of all 8
sequence types), which were the only groups represented in both clone libraries. In the 48 h library, 9
three Bacilli sequences belonged to the genus Exiguobacterium (4.6% of all sequence types), 10
whereas one sequence type grouped with the genera Paenibacillus, Sporosarcina and Clostridium,11
respectively. The phylogenetic relationship of representatives of each cluster of obtained sequence 12
types affiliated with Bacilli is shown in Fig. 3. 13
Members of other phylogenetic groups wer  exclusively recovered from the 48 h library. Alpha-14
Proteobacteria (4 in total; 6.2% of all sequence types) were represented by the genera 15
Brevundimonas and Caulobacter, whereas gamma-Proteobacteria (5 in total; 7.7% of all sequence 16
types) by Xanthomonas and Pseudomonas. Two sequence types grouped with the genus Pontibacter 17
of the Cytophaga-Flavobacterium lineage of Bacteroidetes, whereas one affiliated with the genus 18
Tetrasphaera (class Actinobacteria). All newly obtained 16S rDNA gene sequences were submitted 19
to the GenBank nucleotide sequence database under accession numbers ……… - ……… 20
21 
Bacterial community composition 22
Cells hybridized by probe EUB I-III represented about 60% of the total counts of DAPI stained 23
cells in dry sediment. About 76% of bacteria could be assigned to the six analyzed phylogenetic 24
groups, with a prevalence of alpha- and gamma-Proteobacteria (21% and 25% respectively) 25
followed by Actinobacteria (15%), Bacilli as detected by probe LGC354a (9%) and beta-26
Proteobacteria (7%). 27
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8
Bacteria represented between 95% and 98% of total prokaryotic cells in the microcosm water 1
samples. Nine hours after the rewetting event the bacteria in the water were mainly Bacilli (9 h = 2
70% of bacterial cells), whereas alpha-, beta- and gamma-Proteobacteria only emerged at 28 h, 3
representing 19%, 3% and 6% respectively. At 48 h the water column was colonized by a more 4
heterogenic community where alpha-, beta- and gamma-Proteobacteria (19%, 7% and 18% 5
respectively) and Bacilli (13%) were followed by the appearance of Actinobacteria (3%) and 6
Cytophaga-Flavobacteria (2%) (Fig. 4 a-f).  7
8
Bacterial biovolumes  9
The mean biovolume of total prokaryotes as determined by image analysis decreased over time 10
from 0.58 ± 0.08 µm3 at 9 h to 0.13 ± 0.01 µm3 at 48 h. Significant differences in time were 11
observed between the cell size distributions (One-way Repeated Measures ANOVA, p < 0.001). 12
Post hoc multiple comparison showed significant differences between cell size distribution at 9 h 13
vs. 28 h and 48 h (Tukey test, p < 0.001), with no differences between 28 h and 48 h (Tukey test, p 14
= 0.85). The size distributions of the most abundant phylogenetic groups are depicted in Fig. 5. 15
Each bacterial group showed changes in mean biovolume with peaks at different incubation time. 16
Mean biovolume of Bacilli, that initially dominated the community, decreased with time. At 9 h the 17
size of the most abundant cells was between 0.5 and 2.0 Rm3; at 28 h between 0.25 and 0.5 Rm318 
while at 48 h the modal class of cell abundance had shifted to a size of 0.064 to 0.128 Rm3. On 19
average alpha-Proteobacteria increased in size with time, being most abundant in the smallest size 20
classes at 28 h and in the classes between 0.25 and 0.5 Rm3 at 48 h, concomitant with the rise of a 21
new population of smaller gamma-Proteobacteria.22
23 
Identity of DNA-synthesizing cells 24
The fraction of cells with visible DNA de novo synthesis within bacteria, Bacilli and alpha-25
Proteobacteria (expressed as percentages of total DAPI-stained cells) are reported in Fig. 6 a. After 26
9 h of incubation about 20% of bacteria were BrdU-positive. This fraction remained fairly constant 27
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during the first 28 h and decreased at 48 h (10.5 ± 2.1%). At timepoints 9 h and 28 h, most BrdU-1
incorporating bacteria were members of the class Bacilli, whereas at 28 h BrdU-positive cells 2
affiliated with alpha-Proteobacteria appeared (2.2 ± 1.1%). In Fig. 6 b-c BrdU-positive Bacilli and 3
alpha-Proteobacteria are reported as percentage of cells hybridized by probes LGC354a and 4
ALF968 and as absolute numbers of BrdU-active cells within these groups. The fraction of BrdU-5
positive Bacilli constantly increased from 27.9 ± 11.4% at 9 h to 63.2 ± 18.6% at 48 h, whereas 6
their absolute numbers declined between 28 h and 48 h. The active fraction of alpha-Proteobacteria 7
slightly decreased between 28 h and 48 h, from 11.7 ± 4.2% to 6.0 ± 4.0%. 8
9
Discussion 10
Large quantities of dissolved and particulate organic matter (both autochthonous and 11
allochthonous) are available to the heterotrophic bacteria in river sediments and support the 12
productivity of the water column (Cole, 1999). In temporary water bodies, the benthic and pelagic 13
coupling is not constant in time since organic matter accumulates in sediments during drought. Our 14
results showed a prompt release of bacterial cells from dry river sediments. The lack of significant  15
differences (p>0.05, see results section for details) between the abundance of floating cells in the 16
test microcosms and in the sterilized control after 6 h and 9 h of rewetting indicated that water 17
colonization was initially induced by passive dispersion. After an initial lag-phase, during which 18
bacteria residing in dry sediments probably re-activated their metabolic activities, bacterial 19
community colonized the overlaying water reaching the highest abundance and C production rates 20
between 9 h and 28 h. In parallel, grazer abundance (ciliates and flagellates) started to increase 21
becoming an important control of bacterial abundance. 22
23 
In our study, the bacteria community showed a C production rates similar to those measured in 24
highly productive eutrophic systems already at 28 h (Ducklow and Carlson, 1992). These values 25
were in the same order of magnitude of those found in rivers and freshwater marshes during 26
summer months (Fisher and Pusch, 2001; Buesing and Gessner, 2006) and in the lower and 27
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10
nutrient-richer part of Hudson river (del Giorgio et al., 2006). The observed different temporal 1
trends of 3H-leu and 3H-TdR incorporation could be the consequence of a possible uncoupling 2
between protein and DNA syntheses (Longnecker et al., 2006). At the beginning of the water 3
colonization, bacterial populations probably devoted cellular resources to biomass synthesis rather 4
than to cell division, showing an unbalanced growth. This could be attributed to the predominance 5
of large Bacilli as the primary colonizers of the water column, a group with many spore-forming 6
members (Onyenwoke et al., 2004). It has been described for some spore-forming bacterial species 7
that the synthesis of proteins during spore germination is directed by stable mRNA pre-existing into 8
the dormant spore, so DNA synthesis can even occur after the biosynthesis of proteins (Mikulík et 9
al., 2002). The uncoupling between protein and DNA syntheses during the first hours of rewetting 10
could be therefore the consequence of spore germination. Overall, community bulk activity rapidly 11
increased within the first 28 h, following the high amount of dissolved matter released by dry 12
sediment. In soil environments after rewetting, increased availability of organic matter was often 13
observed due to release by physical disruption of soil aggregates and/or cell lysis caused by osmotic 14
shock (Fierer and Schimel, 2002). The newly released organic matter led to a rapid microbial 15
growth enhancing soil carbon and nitrogen mineralization and resulting in a short term pulse of 16
available C and N (Fierer and Schimel, 2003; Miller et al., 2005). Since a large proportion of this 17
released organic matter could be recalcitrant to microbial attack, the pulse in CO2 production in soil 18
after rewetting is probably linked to the activity of extracellular enzymes that transform this organic 19
matter in labile C pool (Miller et al., 2005). In aquatic environments, most of the dissolved organic 20
matter re-suspended in the water column from sediments is characterised by a high molecular 21
weight and it has to be cleaved by hydrolytic enzymes before being utilised by bacteria (Chrost, 22
1990). In our study, activity of aminopeptidase and alkaline phosphatase rapidly increased 23
following rewetting (Fig. 2). This is in line with findings of Jackson et al. (2006) who reported a 24
rapid response of microbial enzymatic activity in the re-hydrated phyllosphere of epiphytic fern. At 25
28 h AMA and APA showed values similar to those found in low land river water (Wilczek et al., 26
2005) and other freshwater systems (Marxsen and Witzel, 1990). The lower hydrolysis rates of 27
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11
organic phosphorus with respect to proteins, and the increasing AMA:APA ratio indicated a slower 1
P-cycling in respect of N-cycling. Stable activity of APA has been observed in benthic 2
cyanobacterial mats after 10 weeks of desiccation (Sirová et al., 2006). The persistence of APA in 3
dry sediments could, therefore, influence the metabolism of the planktonic microbial community, as 4
P will be rapidly made available soon after re-inundation. AMA and APA were also significantly 5
correlated to bacterial carbon and cell production (p<0.01; n=12) confirming the key role played by 6
EEAs in making available organic compounds for the synthesis of both the intracellular proteins 7
and the production of new biomass. 8
About 30% of the total DAPI stained cells associated to dry sediments at the beginning of the 9
experiment were affiliated to Proteobacteria. Actinobacteria represented about 10%; Bacilli 10
detected by probe LGC354a represented 5% and Cytophaga-Flavobacteria were below the 11
detection limit of the method (figure 4). The bacterial community associated to wet or humid 12
sediments at the Mulargia River site, where sediment was collected for microcosm experiments, 13
was monitored bimonthly during a one-year period. In these samples an overall dominance of 14
Proteobacteria of 48.7 ± 8.2% (25 ± 32% of which Alpha-Proteobacteria) was observed; 15
Cytophaga-Flavobacteria represented 6.1 ± 3.7% while Actinobacteria and Bacilli were below 2%.16
The bacterial community associated to stream sediment showed relatively low annual variability, 17
probably because the sediment never fell completely dry during the studied summer period but 18
preserved a water content slightly below the maximum water holding capacity (<21% w/w). When 19
sediment was artificially dried, bacterial groups were differently affected (e.g. loss of Cytophaga-20
Flavobacteria). This might influence their respective potential for germination after a rewetting 21
event and thus also the development of the bacterial community in the overlaying water. It should 22
be noted that in our experiment the drying was carried out under controlled laboratory conditions 23
which probably did not appropriately mimic the combined effect of the dry-heat condition, as well 24
as the duration and the rate of drying. In addition, the top layers of naturally dried sediments are 25
also exposed to UV light that could affect bacterial cell resistance. The combination of these factors 26
could influence bacterial community composition residing in dry sediments.  27
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1
CARD-FISH showed that Bacilli dominated the initial bacterial community in water (70% at 9 2
h). The survival strategy of certain genera of Bacilli, (i.e. endospore formation), could allow to 3
better tolerate desiccation and to promptly spread into the new available water. Jackson et al. (2006) 4
found isolates affiliated to Bacilli both in dry and re-hydrated phyllosphere. 5
The analysis of clone libraries confirmed that the primary microbial colonizers of the water 6
column during the first 48 h were mainly related to Bacilli that represented the largest and most 7
diverse group with organisms from at least six phylogenetically distinct lineages. Bacilli are 8
relatively minor components of natural bacterial communities (Hugenholtz et al., 1998) although 9
they can be locally abundant (Felske et al., 2000). Janssen (2006) observed that members of this 10
group could be underrepresented in libraries of 16S rRNA, because methodological biases may 11
hinder their isolation and description. However, several genera of Bacilli have been found in 12
various terrestrial and aquatic systems, including soils (Felske et al., 2000; Janssen, 2006), 13
sediments (Hullar et al., 2006), and the water column (De Weaver et al., 2005). Interestingly these 14
bacteria were often recovered from glacial systems probably due to the diffusion of spores by 15
atmospheric circulation (Yung et al., 2007).  16
The high fraction of Bacilli with DNA de novo synthesis after only 9 h of incubation (Fig. 6 a-17
b) suggests that the bloom of these bacteria did not only originate from spore germination, but were 18
also released into the water in their vegetative form. Interestingly the probe LGC354a, targeting 19
only about 7% of Firmicutes (Loy et al., 2003), only matched to one single sequence type obtained 20
from our samples (clone B2). This strongly suggests that this genotype was probably responsible for 21
the initial colonization of the water in our microcosms.  22
From 28 h onwards, the relative importance of Bacilli decreased as other phylogenetic clusters 23
(i.e. alpha- and gamma-Proteobacteria) started to appear in the community. Beta-Proteobacteria 24
and Cytophaga-Flavobacterium, typically associated to substrate rich in organic matter (Kirchman, 25
2002; Fierer et al., 2007), more gradually colonized the water. It should be noted that the 26
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colonization of the water column in natural systems by these two latter clades might be enhanced by 1
sediment resuspension which was avoided in our experiment. 2
3
The analysis of biovolume size distributions revealed that cells became significantly (p<0.05, 4
see Results section for details) smaller during the incubation time (Fig. 5). The overall decrease in 5
cells size was also reflected in the decreasing ratio between the newly synthesized bacterial biomass 6
and the abundance of newly produced cells as measured by the incorporation rates of 3H-Leu and 7
3H-TdR respectively (Fig. 2). These trends of decreasing cell size could be interpreted as a 8
consequence of enhanced grazing mortality, suggesting a possible top-down control of bacterial 9
populations by the rapidly re-established protistan assemblage (Fig.1). It has been shown that 10
protists tend to feed on large bacteria in most natural waters (Pernthaler, 2005). For example, 11
Boenigk et al. (2004) reported that the grazing-related mortality of ultramicrobacteria affiliated with 12
Polynucleobacter was lower than of larger bacteria.  13
Image analysis clearly revealed the smaller sizes of alpha-Proteobacteria at 28 h as compared 14
to Bacilli. Possibly, these smaller alpha-Proteobacteria were more protected from grazing. Salcher 15
et al. (2005) recently reported that alpha-Proteobacteria formed very small single cells when 16
exposed to grazing by a mixotrophic flagellate in continuous culture. Alpha-Proteobacterial 17
sequences found in this study were closely related to the genera Brevundimonas and Caulobacter,18
(Caulobacteraceae). Some Caulobacter spp. possess protein surface arrays (S-layers) (Iuga et al.,19
2004), which have been suggested to provide protection from predation (Koval and Hynes, 1991). 20
Grazing induced changes in bacterioplankton community composition have been extensively 21
reported both in laboratory and field study (reviewed by Salcher et al., 2005). Strain-specific 22
variations in grazing sensitivity even between closely related bacteria are high and predator-prey 23
interaction could be an important factor in the evolution and maintenance of microbial 24
microdiversity (Boenigk et al., 2004).  25
26 
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The immunocytochemical detection of BrdU labeled DNA in combination with fluorescence in 1
situ hybridization at the single cell level has been applied to show DNA de novo synthesis of 2
marine and freshwater bacterioplankton (Pernthaler et al., 2002b; Warnecke et al., 2005) but not yet 3
in bacterial communities associated with freshwater sediments. Pernthaler et al. (2002b) found that 4
the detectable fraction of DNA-synthesizing hybridized cells increased from <5 to 14% within 20 h 5
of incubation. More recently Pernthaler and Pernthaler (2005) reported that up to 40% of all 6
hybridized bacteria were also BrdU positive in samples from coastal North Sea waters during 7
summer. In seawater incubation experiments, Hamasaki et al. (2004) found that free-living BrdU-8
positive cells were already detectable after 1 h of incubation reaching the maximum values of 10% 9
after 8 h and 25% after 24 h without and with enrichment respectively. The percentage of BrdU-10
positive bacteria cells in the particle-attached community reached a maximum value of about 10% 11
after 50 h of incubation. 12
In our experiments, DNA-synthesizing bacterial cells (BrdU-positive) represented about 20% of 13
total prokaryote cells 9 h after the rewetting ev nt, decreasing to about 11% at 48 h. At 9 h and 28 14
h, almost all DNA-synthesizing cells were Bacilli, thus confirming that these bacteria were the most 15
rapidly growing colonizers of the water in our microcosms. This observation furthermore allows a 16
rough estimate of the cell loss rates of Bacilli during community development. At timepoint 28 h, 17
the average cell abundance of these bacteria was of 1.87 x 106 cells ml-1 and the production rate was 18
of 3.7 x 104 cells ml-1 h-1, as assessed by 3H-TdR incorporation. Since almost all DNA-synthesizing 19
bacterial cells were Bacilli (Fig. 6 a), at 48 h one would expect a theoretical abundance of these 20
bacteria of 2.77 x 106 cells ml-1. This theoretical value is about 9 fold higher than the observed 21
abundance of Bacilli at 48 h (4.35 x 105 cell ml-1), suggesting a very high cell loss rate of 1.2 x 10522 
cells ml-1 h-1. Similar calculations allowed to estimate that alpha-Proteobacteria had a cell loss rate 23
of only 8.2 x 102 cells ml-1 h-1 during the same period. This different loss rate between Bacilli and 24
alpha-Proteobacteria could be due to a different effect of grazing on these two clusters with a lower 25
grazing pressure on alpha-Proteobacteria.26
27 
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In summary, we observed a succession of bacterial genotypes during the colonization of the 1
water, with a pronounced and transient initial bloom of Bacilli. It appeared that selective top-down 2
control did not only control the overall bacteria abundance but specifically affected those 3
opportunistic microbes that formed the initial outbreak, thus favoring the establishment of a more 4
diverse community. The observed succession of bacterial community, both in term of composition 5
and activity, could help in starting to elucidate how community structure and function is affected by 6
disturbance. Such a focus would moreover contribute to the “surprisingly recent phenomenon” 7
(Jackson et al., 2007) of integrating classical ecological thinking into studies of environmental 8
microbiology. Further studies might thus be aimed at following the fate of primary bacterial 9
colonizers of the water column and their functional role in the bacterial community of flowing 10
waters.  11
12 
Experimental Procedures 13
Sampling Site  14
Sediment was collected in the Mulargia Stream, a tributary of the Flumendosa River, located in 15
the south-eastern part of Sardinia (Italy; 131 39°38WN, 09°11WE). The main reach of the stream has a 16
length of 18 km, with a catchment extension of approximately 70 km2. This stream is characterised 17
by an intermittent flow regime with recurrent dry phases of varying duration and spatial extent, 18
usually between June and September. A bimonthly monitoring of microbial community associated 19
to sediments had been carried out at the same site prior to sampling for this experiment (between 20
July 2003 and January 2005). 21
Sediment from the uppermost layer (0.5–5 cm depth) was collected from one site located at the 22
stream outlet section, upstream of the Mulargia reservoir, on June 2005 at the beginning of the dry 23
season. The sediment was humid but not submerged and its water content was slightly below the 24
maximum water holding capacity (< 21% w/w). It was sieved (mesh size, 2 mm) and completely 25
dried (to weight constancy) at room temperature. Subsamples of the dry sediment were fixed for the 26
analysis of bacterial abundances and community composition (see below).   27
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1
Microcosms set-up 2
Portions of the dried and sieved sediment (200 g) were placed in triplicate sterile beakers, and 2 3
l of sterilized artificial freshwater was gently added to the beakers to avoid re-suspension. Artificial 4
freshwater (196 mg l-1 NaHCO3, 20 mg l-1 CaSO4x2H2O, 120 mg l-1 MgSO4, 8 mg l-1 KCl; APHA, 5
AWWA, WPCF, 1999) was enriched with nutrients (880 Rg l-1 NaH2PO4, 50 Rg l-1KNO3) in order 6
to match the natural nutrient concentrations in Mulargia river waters. Water samples for the 7
different analyses were collected right after the addition of sterile water (0 h) and at 9, 28 and 48 h. 8
Extra samples were taken at 6 h and 72 h for bulk activities and/or total cell abundances of the 9
microbial community. An additional microcosm was sterilised by autoclaving as control before the 10
rewetting. All microcosms were incubated at a constant temperature (20°C) in the dark, and they 11
were covered in order to minimize airborne contamination. Water was slowly aerated with 0.2 Rm12
pre-filtered air and avoiding sediment resuspension. The concentrations of dissolved organic carbon 13
(DOC) were determined in triplicates on a Shimadzu TOC 5000 analyser.  14
15 
Cell numbers of bacteria and protists 16
The abundance of prokaryotes and protists (nanoflagellates and ciliates) was evaluated by 17
staining with 4,6-diamidino-2-phenylindole (DAPI) staining (Porter and Feig, 1980). Water was 18
sampled in triplicates and fixed with buffered formaldehyde solution (FA, 2% vol/vol final 19
concentration). For the analysis of the microbial assemblage in the dry sediments, samples were 20
pre-treated chemically and physically in order to detach microbial cells from particles (Fazi et al.,21
2005). Subsamples (1 ml) of fixed water and of purified sediment slurry were filtered onto black 22
polycarbonate membrane filters (pore size 0.2 µm, 25 mm diameter, Nuclepore Corporation, 23
Pleasanton, USA) by gentle vacuum (<0.2 bar), stained with DAPI, and total bacterial abundances 24
were determined in these preparations by epifluorescence microscopy.  25
26 
Extracellular enzyme activity (EEA) 27
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Aminopeptidase (AMA) and alkaline phosphatase activities (APA) were determined at the same 1
sampling time-points by fluorescent substrate analogs (Hoppe, 1993). Saturating concentrations of 2
substrates (L-leucine-4-methylcoumarinyl-7-amide, 250 RM final concentration; 4-3
methylumbelliferil phosphoric acid, 125 RM final concentration) were added to 1.8 ml of water 4
samples. Blanks with sterilized artificial freshwater were processed in parallel. Incubations were 5
performed in triplicate in the dark for 2 h at 20°C. After the correction of the fluorescence values by 6
blanks, the potential EEA were estimated from the standards 7-amino-4-fluoromethyl-coumarin 7
(AMC, at 380 nm excitation, 440 nm emission) and 4-methyl-umbelliferone (MUF, at 365 nm 8
excitation, 455 nm emission). 9
10 
Bacterial carbon production 11
Bacterial C production was estimated by 3H-leucine (Leu) and 3H-thymidine (TdR) 12
incorporation after 1 h of incubation. adiotracers were separately added at 20 nM final 13
concentration in triplicate 1.7 ml samples and one killed control (TCA, 5% final concentration). 14
Macromolecule extraction was processed by microcentrifugation as in Puddu et al. (2003) at 18°C 15
for Leu and 5°C for TdR. Rates of Leu incorporation were directly transformed in C production 16
using the conversion factor of 3.1 kg C mol-1 (Kirchman, 2001). TdR incorporation was 17
transformed into cell production by considering the empirical thymidine conversion factor of 2 x 18
1018 cells mol-1 proposed as an average value for marine (Ducklow and Carlson, 1992) and 19
freshwater samples (Bell, 1993). 20
21 
Bacterial diversity 22
Two 16S rRNA gene clone libraries were generated from water samples after 28 h and 48 h of 23
incubation (subsequently termed 28 h and 48 h libraries). PCR was directly performed from cells on 24
small pieces of polycarbonate filters according to Kirchman et al. (2001). The specific bacterial 25
primers 8F (GM3, 5’-AGAGTTTGATCMTGGC-3’; Muyzer et al., 1996) and 1492R (GM4, 5’-26
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TACCTTGTTACGACTT-3’; Kane et al., 1993) were used for PCR amplification (max 30 cycles, 1
Mastercycler personal, Eppendorf, Hamburg) of 16S rDNA in 100 Rl of DNA-polymerase buffer 2
(Taq-Polymerase by Eppendorf, Hamburg) under standard amplification condition (Suzuki and 3
Giovannoni, 1996). The purified 16S rRNA gene fragments (QIAquick, QIAGEN, Hilden) (1.5 Rl) 4
were separated by cloning into chemo-competent E. coli strain TOP10 (Invitrogen, Carlsbad, USA) 5
with the pGEM®-T Easy cloning kit (Promega, Madison, USA) according to the manufacturer's 6
instruction. Partial sequences from inserts (~700 bp) were obtained by chain-termination method 7
(Sanger et al., 1977) with the primer 518F (GM1F, 5’-CCAGCAGCCCGGTAAT-3’; Saiki et al.,8
1988). For eight selected sequence types, three overlapping partial sequences of the 16S rRNA gene 9
were produced using the primers 8F, 518F and 1492R and almost full-length sequences were 10
assembled from these contigs by means of the software Sequencher (GeneCodes, Version 4.5). 11
For each of the obtained almost complete sequences about 20 most similar reference sequences 12
(>1300 base pairs) were downloaded from the NCBI nucleotide database using BLAST (Altschul et 13
al., 1990). A phylogenetic tree of sequences affiliated to Firmicutes was reconstructed using the 14
software ARB (version 2.4) (Ludwig et al., 2004), following the strategy outlined by Piccini et al.15
(2006). 16
17 
Bacterial community composition 18
Community structure in dry sediments and in water samples was analyzed by CARD-FISH 19
according to Pernthaler et al. (2002a) but with modifications of cell permeabilization procedures. 20
Permeabilization was performed by lysozyme (62970 Fluka; 20 mg ml-1) dissolved in EDTA (0.05 21
M, pH 8) and Tris-HCl (0.1 M, pH 7.4) for 60 min at 37°C, followed by 30 min of incubation with 22
proteinase K (P2308 Sigma; 0.1 U ml-1) in Tris-EDTA buffer at 37°C, as proposed by Fazi et al.23
(2007). Prior to hybridizations, the filter sections were embedded in low gelling point agarose to 24
avoid cell loss. After permeabilization, filters were incubated in 0.01 M HCl in order to inactivate 25
the proteinase K and to inhibit intracellular peroxidase. The following rRNA-target HRP-labelled 26
probes (Biomers, Ulm, Germany) were used: EUB338 I-III (Daims et al., 1999) specific for the 27
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domain bacteria; ALF968, targeting sequence types affiliated with alpha-Proteobacteria; BET42a 1
for beta-Proteobacteria; GAM42a for gamma-Proteobacteria; CF319a for Cytophaga-2
Flavobacteria; HGC69a for Actinobacteria (Amann et al., 1995); LGC354a for bacteria from 3
various genera within the class Bacilli (Firmicutes), e.g., Bacillus, Exiguobacterium, Leuconostoc, 4
Weissella, or Lactobacillus (Meier et al., 1999). HRP-labeled probes were detected by CARD-FISH 5
with Alexa488 (A20002 Invitrogen) labelled tyramides 1:2000 diluted in amplification buffer (1 X 6
Phosphate-buffered saline, PBS, pH 7.3; H2O2 0.0015% vol/vol; Blocking Reagent, 1096176 7
Roche, 0.1% vol/vol; Dextran Sulphate, 10% wt/vol; NaCl, 2 M). Signal amplification was 8
performed at 37°C for 15 min. The stained filter sections were inspected on a Leica DM LB 30 9
epifluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany) at 1000x 10
magnification. First, Alexa488-stained cells were counted in one microscopic field, and this was 11
followed by determination of total DAPI-stained cells. At least 300 cells were counted in >10 12
microscopic fields randomly selected across the filter sections. The relative abundance of 13
hybridized cells was estimated as the ratio of Alexa488-stained to total DAPI-stained cells. Data 14
were expressed as percentage of hybridized cells counts to counts of total cells. 15
16 
Biovolumes of the total bacterial assemblage and of different populations 17
A Leica DC 350 F high-resolution camera (Leica Microsystems GmbH, Wetzlar, Germany) was 18
used to capture 1300 × 1030 TIFF grey-scale images of DAPI-stained cells at a colour depth of 8 19
bits and a resolution of 0.1 Rm per pixel. Image filtering was performed by the software ImageJ 20
(version 1.37, National Institutes of Health, Bethesda, Maryland, USA). At least ten images per 21
filter were randomly captured at UV excitation to detect DAPI-stained cells. The image processing 22
included a sequence of spatial filters involving the application of a Laplace filter (Kernel 5x5), a 23
Gaussian Kernel (radius 3), a median filter (rank 3), in order to enhance cell boundaries and remove 24
noise. An entropy threshold plug-in filter was then applied for the automatic image segmentation 25
(Sahoo et al., 1988). Finally, a morphological eroding was performed to avoid the overestimation of 26
cell dimensions. The newly created binary images were interactively edited in an overlay mode that 27
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allowed a direct comparison with the original grey-scale images to correct for eventual artefacts. 1
Area, perimeter, length, and width of each single object were automatically measured, excluding 2
particles smaller than 0.2 Rm of equivalent diameter. Bacterial biovolumes were determined from 3
the segmented images considering all bacteria to be cylinders with two-hemispherical caps and 4
using the measured cell area and perimeter, as described by Massana et al. (1997). 5
To determine the size of bacterial cells from different populations, image pairs of the same 6
microscopic field were captured at UV and blue light excitation in order to detect cells hybridized 7
by CARD-FISH with specific probes. After spatial filtering and segmentation, a contour mask was 8
created around hybridized cells in each image and applied to the corresponding segmented images 9
from DAPI staining. Size measurements were performed separately for each population from DAPI 10
stained cells as described above. 11
12 
Numbers and identity of DNA-synthesizing cells 13
The frequencies of cells with DNA de novo synthesis in different populations were determined 14
by incubation with the halogenated thymidine analogue bromodeoxyuridine (BrdU) (Pernthaler and 15
Pernthaler, 2005). Duplicate (10 ml) water samples were supplemented with BrdU (280879 Roche, 16
20 µM) and TdR (T9250 Sigma, 33 nM), incubated in the dark at room temperature at mild 17
agitation for two hours and subsequently fixed with FA (2% vol/vol final concentration) for 24 h at 18
4°C. Subsamples from these incubations were filtered on polycarbonate membrane filters (pore 19
size, 0.2 µm, 47 mm diameter, Nuclepore) and the preparations were washed with 20 ml of 20
sterilised ultra pure water. The filters were stored in Petri dishes at -20°C until further processing. 21
Controls were immediately fixed after sampling and then supplemented with BrdU and thymidine. 22
After CARD-FISH, the probe-delivered HRP was quenched with 0.01M HCl for 10 min at 23
room temperature. Filters were then washed with 1 X PBS and deionized water. Cells were 24
thereafter digested with Exonuclease III (E1131 Sigma; 50 U ml-1) and a DNA restriction enzyme 25
HAE III (R5628 Sigma; (20 U ml-1) in nuclease buffer (5 mM MgCl2, 50 mM Tris-HCl, pH 7.8) for 26
30 min at 37°C in order to obtain single stranded DNA. Filter sections were subsequently washed in 27
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MilliQ water. The wet filter sections were then placed onto Parafilm and covered with 200 Rl of1
antibody mixture (Anti-BrdU-HRP, Fab fragments, clone BMG-6H8, 11585860001 Roche at 0.75 2
U ml-1; 1 X PBS; Blocking Reagent, 1096176 Roche, 1% wt/vol) and incubated at 37°C for 2 h. 3
They were then washed twice for 10 min each time in 1 X PBS at room temperature. HRP-labelled 4
antibodies were detected by CARD-FISH with Alexa546 (A20002 Invitrogen) labelled tyramide 5
(1:1000 diluted in amplification buffer). Signal amplification was performed at 37°C for 15 min. 6
After being washed with PBS and MilliQ water, filters were dehydrated in absolute ethanol, air 7
dried, and stored at -20°C until microscopic processing. The fractions of BrdU incorporating cells 8
of all hybridized cells in double-stained preparations were quantified as described above. 9
10 
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Fig. 1. Prokaryote, flagellate and ciliate abundance expressed as number of DAPI stained cells per 1
ml. Data are means of duplicate samples in three independent microcosms. Error bars indicate 2
standard deviation.  3
4
Fig. 2. a) Extracellular enzymes activities. AMA= Aminopeptidase activity; APA= Alkaline 5
phosphatase activity; b) Bacterial carbon production (3H-Leu incorporation rate) and cell production 6
(3H-TdR incorporation rate); c) AMA to APA ratio and Leu to TdR ratios (the latter reflecting C 7
production per newly produced cell). Data are means and standard deviation of duplicate 8
measurements from three independent microcosms. 9
10 
Fig. 3. Maximum-Likelihood tree indicating phylogenetic relationships of Bacilli isolates (in bold) 11
from 28 h and 48 h water samples and their closest relatives based on GeneBank 16S rRNA 12
sequences. Scale bar indicates p distance.  13
14 
Fig. 4. Taxonomic composition of the bacterial community as analysed by CARD-FISH. Values are 15
expressed as: percentage of hybridised cells counts to total counts of DAPI stained cells (left axis) 16
and actual cell abundance expressed as cells per ml (right axis, log scale). Error bars indicate 17
standard deviation. (a = Bacilli (Firmicutes); b = alpha-Proteobacteria; c = beta-Proteobacteria; d18
= gamma-Proteobacteria; e = Cytophaga-Flavobacteria; f = Actinobacteria). 19
20 
Fig. 5. Distribution of prokaryotes cells in volumetric classes at time 9 h (n= 348) 28 h (n= 1196) 21
48 h (n= 915). 22
23 
Fig. 6. a) Fraction of bacteria, Bacilli and alpha-Proteobacteria, related-cells with visible DNA de 24
novo synthesis (BrdU-positive) expressed as percentage of total DAPI-stained cells; b) Bacilli 25
BrdU-positive cells expressed as percentage of cells hybridized by LGC354a probes (left axis) and 26
as actual active cells number (right axis). c) alpha-Proteobacteria BrdU-positive cells expressed as 27
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percentage of cells hybridized by ALF968 probes (left axis) and as actual active cells number (right 1
axis). Error bars indicate standard deviation. 2
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Clone
Division Affiliated group (accession number)
Number
of
identical
sequence
types*
Closest BLAST relative ID (%) Accession number
F2 003 (……) 12 Bacillus sp. CNJ815 PL04 99 gb|DQ448747.1
C9 008 (……) 9 Uncultured soil bacterium clone 1142 99 gb|AY493964.1
C1 014 (……) 8 Bacillus sp. BWDY-19 16S 99 gb|DQ314538.1
B2 011 (……) 2 Bacillus sp. KSM-KP43 99 Dbj|AB055093.1
D2 009 (……) 1 Bacillus sp. GD0706 99 gb|DQ084540.1
042 (partial) 1 Uncultured bacterium clone S441 98 gb|AY382610.1
046 (partial) 1 Uncultured bacterium clone AKIW789 92 gb|DQ129487.1
059 (partial) 1 Uncultured bacterium 99 emb|AJ617864.1
034 (partial) 1 Bacillus sp. PL-16 97 Gb|AF326367.1
039, 054 (partial) 2 Bacillus sp. HZBN57 99 Gb|EF151216.1
Bacillus spp.
051 (partial) 1 Bacillus sp. 105-4.2-LH-A-23 90 Gb|EF010756.1
Planococcus spp. C2 010 (……) 8 Uncultured bacterium clone EV818EB5CPSAJJ2 99 Gb|DQ337023.1
Exiguobacterium spp.* A2 028 (……) 3 Exiguobacterium sp. CNJ771 PL04 99 Gb|DQ448761.1
Paenibacillus spp.* 019 (partial) 1 Paenibacillus ginsengarvi 96 Dbj|AB271057.1
Sporosarcina spp.* 050 (partial) 1 Sporosarcina sp. SK 55 96 gb|DQ333897.1
Firmicutes
Clostridium spp.* 020 (partial) 1 Uncultured bacterium clone AKIW1006 90 gb|DQ129398.1
Brevundimonas spp.* H1 083 (……) 3 Brevundimonas sp. 98 emb|AJ227797.1|BSJ227797alpha-Proteobacteria Caulobacter spp.* 057 (partial) 1 Uncultured Eubacterium WD225 97 emb|AJ292592.1|UEU292592
Xanthomonas spp.* 063 (partial) 4 Xanthomonadaceae bacterium TDMA-47 99 dbj|AB264132.1gamma-Proteobacteria Pseudomonas spp.* 071 (partial) 1 Pseudomonas sp. JQR2-5 97 gb|DQ124297.1
Cytophaga-Flavobacterium Pontibacter spp. 007, 026 (partial) 2 Pontibacter sp. z1 97 gb|DQ888330.1
Actinobacteria Tetrasphaera spp.* 072 (partial) 1 Tetrasphaera sp. Ellin176 98 gb|AF409018.1
* Only obtained from the 48 h clone library
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